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Development of Thl and Th2 Populations and the Nature of 
Immune Responses to Hepatitis B Virus DNA Vaccines Can Be 
Modulated by Codelivery of Various Cytokine Genes^ 



Yen-Hung Chow,*^ Bor-Luen Chiang,^ Yueh-Lum Lee,^ Wei-Kuang Chi," Wen-Chang Lin,^ 
Yen-Teen Chen,* and Mi-Hua Tao^* 

In this study, we provide direct evidence that the magnUwde und nature of the immune response to a DNA vaccine caw be 
differentially resulated by codelivery of various mouse cytokine genes. Mice Immunized with a hepatitis B virus (HBV) DNA 
vaccme and the IL-12 or IFN-y gene exhibited n significant enh;»ncetnenC of Thl cells and increased production of anti-HBV 
surface rgG2ft Ab, as well as a marked Inhibition of Th2 cells and decreased production of IgGl Ab. In contrast, coinjection of 
the IL-4 e^ne significantly enhanced the development of specific Th2 cells and increased production of IgGl Ab, whereas Thl 
differentiation and lgG2a production were suppressed. Coinjection of the IL-2 or the granuloc>'tc-tnacrophage-CSF gene enhanced 
the development of Thl cells, while the development of Th2 cells was not affected^ and the production of IgGl and IgG2a Ab were 
both increased. The CTL activity induced by HBV DNA vaccination was most significantly enhanced by codelivery of the IL-12 
or IFN-y gene, followed by the IL-2 or granulocyte-macrophage-C^F gene, whereas codelivery of the IL-4 gene suppressed the 
activity. VVhen challenged \nt\\ HBV surface Ag (HBsAg)-exprcssing syneerteic tumors, significant reduction of tumor growth was 
observed in mice that were coadministered the IL-12 gene but not (he IL-4 gene. Taken together, these results demonstrate that 
application of a cytokine gene in a DNA vaccine formulation can influence the differentiation of Th cells as well a& the nature of 
on immune response ^nd muy thus provide a strategy to improve its prophylactic and therapeutic efficacy. The Journal of 
fmrmmohgy, 1998, 160: 1320-1329. 



DNA vaccines contain genc($) for an iintigcnic pouion of 
a vims, such as ihe core protein or the envelope pwein, 
usually under die transcriptional control of a viral pro- 
moter (1-3). Direct injection of the plasmid DNA in vivo results in 
prolonged expression of virfti proteins in the host and may thus 
mimic the action of attenuated vaccines. An important advantage 
of this novel vaccination method is chat the in vivo-synthesized 
viral protein cun enter both chc MHC class I and class IT A^- 
prqcessing pathways to activate specific immunization. Many an- 
imal models of infectious diseases have been reponed (4-15) in 
which DNA vaccines induce a broad range of immune responses, 
includint; Abs, CDS '* CTL, CD4" Th cells, and protective immu- 
nity against challenge with the pathogen. Application of this ge- 
netic vaccination approach has also been extended to the ircalmcnl 
of cancers (16-21) as well as allergic (22-24) and autoimmune 
diseases (25). 

The protective value of the immune response is highly depen- 
dent upon the types of cytokines produced by CD4*^ Th cells. This 
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concept was first clearly demonstrated in the in vivo siudy of the 
immune response \o Leishmama major infection in a murine 
model, in which resistance or susccptibilit)^ to die parasite was 
dependenl on the development of respective Th 1 or Th2 effector 
cells (26, 27). Thl cells that produce IL-2 and IFN-y induce ac- 
tivation of macrophages, delayed- type hypersensitivity, and pro- 
duction of IgG2a Ab (28, 29). In contrast, Th2 cells that predom- 
inantly produce IL-4, rL-5, IL-) 0, and lL-13 promote development 
of eosinophilta as well as generation of Abs of IfiGl and TgC iso- 
type (28, 29). Indeed, Thl and Th2 cells constitute a dynamic and 
niuttially inhibitory network that tends to suppon distinct elements 
of the immune system. The best defined among the stimuli that 
direct the development of naive CD4 cells into Thl or Th2 e/Tec- 
tors are the cytokines to whicli the naive cells are exposed during 
antigenic stimulation. Thus, rL-4 plays a critical role in tlie prim- 
ing of Th2 cells (30), whereas IL-12 alone (31) or together with 
IFN-7 (32) stimulates differentiation of naive T cells into the Thl 
lymphokino-producing pbcnotypc. 

We have sho^i^ n previously that cocxprcssion of IL-2 and hep- 
atitis B virus (HBV)*'' envelope protein within the same plasmid 
vector resulted in a dramatic increase in its ability to induce hu- 
moral and cellular immune responses to HBsAg (33). Tht IL-2 
adjuvant activity also helps the HBV DNA vaccine elicit high 
anti-HBs titers in animals that usually fail to respond to rHBsAg 
vaccination, a phenomenon that is closely related lo certain MHC 
haplotype (34, 35). In addition, splenocytes derived from mice that 
received plasmid s cocxprcssing IL-2 and the HBV envelope pro- 
tein produced much stronger ThMike responses than those from 
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mice that had been inoculated with plasmids encoding the enve- 
lope pvoiein fllone. In ibc present report, we investigate whether 
coadminist/aiion of oUiar cytokine genes is able to modulate th*; 
immune response by favoring the deveJopmeni of Thl vs Th2 
cells. We founcl that mice given injcetions of the plasmid encoding 
HBsAg together vviih plasmids encoding' IL-12 or IFN-7 promoted 
Thl and suppressed Th2 diiFerentiaiion. Conversely, coinjection of 
a plasmid expressing IL-4 promoted Th2 ;inci yupprcs{>ed Thl dif' 
fcrcntiation. Coadministration of the IL-2 or GM-CSF gene mainly 
enhanced Tlil cell difTerenuaiion, and leA Th2 cell development 
unaffected, In accordance vviih the different Th populations in- 
duced by DNA vaccination under influence of various cytokine 
gene5, the Ab isoiype, OIL activity, as well as the in vivo antitu- 
mor effect, were also substantially altered. 

Materials and Methods 

Conspvction 0/ expression vecton 

The plflsmid vector pS encoding HDV mujor envelope proteins waff con- 
i'triKied previously (33), This cukaryotic cxprcasion vector wau modified 
from plasmid pcDNA3 (Invitrugcn, San Diego, CA) containing the CMV 
early promoter/enhancer sequence and the polyadcnylation and 3' fpliciltg 
signals from bovin* growth hunuonc. the cl^NA of murine IFN-y, JL-4, 
and CM-CSF were obwintd by rtfveriic trunsuription nnd PCR amplifica- 
tion of RNA derived from i^oui 1 X JO" mouse (C3H/HtfN) i^plcnocytcii 
stimulated tor 4 h, S h, find 14 K, respectively, with 5 ng/ml ofPMA (Sigma 
Chemical Co,. St. Louis, MO) and 5 ^w-g/ml of Con A (Sigma) in culture 
mcdivm. The fragment conraininfi the murine lL-2 toding sequence was 
gcacrtiicd by PCR from pl?.smid pmu;-J (aTCC 37553; American Type 
Culturt; Collection (ATCC), Rockville, MD). The ups-Lream PCR primer for 
each cytokine gene conlaini- a BamBl sits, and the downstream primer 
contains an EcoR\ site. PCR products of GM-CSF. 30(1 IFN-y 

were digested wiih liamH] gnd ScoKl, gcl purified, and inserted between 
the BamW and tVoRi sites of pcDNA3 10 generate pIL-2, pIL-4j pGM, and 
pIFN-v, rcspcc lively. The fragjncnts coniainin& the p35 and p40 coding 
sequences of murine \l.-)2 were scnemcd by PCR ffoin plasmids 
BLpSV35 and BLpSV40 (kindly provided by Michalc T. Loize, University 
of Pittsburgh, Pinsbuvgh, PA), respectively, and cloned into a bicisironic 
/)/asmid, pTCAE (33), under the conti-ol of discrete CMV promoters. Plas- 
mid DNA wafl purified rt'om crai^^fonncd Ertchia coH ftr^iin DH5£» by 
Qiagcn Plasmid Oiga Kits (Qiagcn, Hildcn. Cjcrmany) according to the 
manufacturer' a instruct ion a and siorcd at -70°C us pellets. The DNA was 
rccDnsitiluicd in sterile saline at a conccntrarion of j mg/ml for 
CKpcrimcnlal uj;c. 

Cell transfection and cytokine gen<^ expression 

The expression of cytokine genes by the plasmid DNA voas performed in 
6 tmnsienl iransfeclion a^say using Lipofectaminc (Life Technologies, 
Gailhcrsburg, MD) specified by the manufacturer. Briefly, C2CI2 
mouse myoblast;; (1 X 10^ ccllfi; ATCC 1772) were cultured in OMEM 
plus \0% PCS (DMEM-lO) in a six-well tissue culture plate until the cells 
reached upproxiinarcly 50 to 30% cqnduciicc. Three microgi-ains of plas- 
mid DNA waji mixed wirh 20 ^\ of Lipofeccaminc i?i 200 ^1 of OPTl- 
MEM medium (Life Techno log ici>) at room temperature. Following a 20- 
min inoubation, the ONA-lipos-ome complexcB were diluted in KOO /il of 
0PTI-M1"M und slowly added to cells, which hud been prev-'uiihcd twice 
with 5 ml Of OPTJ-MEM. After a J6-h incubdtion, Ihe DNA-liposome 
complexes were removed, 2 ml ofDMEM-lO wuji added to each well, and 
iacubution w;is continued for iinolhcr 4S h. The supernatant of each well 
wtis Collected und siorcd at -SOT for cytokine analysis. 

Cytokine EUSAs and proliferaiion assays 

The cytokine activity present in the supernatant of plajsmid DNA-iraos- 
fee ted cells was assayed for its ability to support the proliferation of ap- 
propriate responsive cells; IL-2 and JL-4 were tested on HT'2 cells (36), 
GM-CSF wi\s measured on NFS-60 cellif (37). nnd IL-i2 was determined 
on aciivared lymphoblasts. The HT-2 and NrS-60 cells were ^rown irt 
RPMl 1640 containing 10% l-CS (RPMl 10) supplemented with 1% su- 
pematani of transfectoma cell Jines ld-iL-2 (3S) und Id-MoGM (39), which 
produce Id-cytolcinc fusion proteins containing murine IL-2 and GM-CSF 
activity, respectively. To perform the prolifemiion assay, samples were 
added in triplicate to 9fj-wc!l plates in RPMl 10 with 5,000 HT-2 or 
NFS-<50 cells to a total volume of 0.1 ml and incubated in a humidified 
incubator for Id to 2^1 h at 37^*0 and 5% COj. lL-12 prolifemtion usfiwy wtis 
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performed a? previously described (40). Briefly, tbc Con A-activatcd lym- 
phoblasls were prepared by culturing C57BL/6 splcnocytcs in TCM mc- 
diun) (Cclos Laboratory, Hopkins, MN) containing 2% FCS, 20 ng/ml of 
human rIL-2 (Endogen Inc., Cambridge, MA) and 2 p,g/ml of Con A (Sig- 
ma) at a dcn3ity of 2 X I0* CClls/ml for 2 10 3 days. The lymphoblBsi cells 
were then harvcittcd and cuItuivU at 50,000 cells/well with test sainples in 
TCM plu? 5% FCS for 24 h. Af^cr incubation, 1 of pH]thymidine 
(Amcrijham, Arlington Heiflhts, IL) was Odded to eiiCh well in 50 of 
growth medium, and ccll!> were harvested 4 10 6 h lat«r usin[; a FilterMutc 
(Packard, Mcriden, CT) automatic cell harvester; the incorporated radio- 
activity was determined using TopCount mi cr opiate 9CiiuiUatioa CODtllcr 
(PacJiurd). The concentration of cytokino} in the saniplcs was dciennined 
from the Stundurd curvca generated using recombinant mprine IL-2, JL-4, 
GM-CSF- or IL-12. all of which were purchased from PliarMineen (San 
Diego. CA). 

ELfSA detection sytjtcmy (PharMingcn) were alSO used to screen for the 
presence of IFN-y, IL-2, and IL-4 cytokines in test samples. The capture 
Abs for murine IFN-7, lL-2, and IL-4 were R46A2 (rat IgGl), JES6-IA12 
(rat IgG2a), and BVD4-ID11 (rat IeG2b)^ respectively. The detection bi- 
otinylaied Abs for IFN-y, IL-2, ond lL-4 were XMG1.2 (rat IgGl), JES6- 
5H4 (rat IgG2b). und BVD6-24G2 (rat IgGl), rcflpcciivciy. Briefly, mi- 
croliter plmes ^vere coated with SO ^il of onti-cytokinc capmi-e mAb at the 
concentration of 2 /ig/ml overnight at 4'*C. The plates were washed twice 
with PBS/T^veen and blocked with 200 /l1 per well of 10% bovine calf 
serum itv PBS for 2 h dt room temperature. Then, the plates were washed 
twice and incubated with duplicates of serially diluted samples and stan- 
dard? overnight at 4'C. One hundred microliters of the biotinyJatcd ami- 
cytokine mAb at a concentration of 2 /xg-'ml vvfts added to each wcU and 
incubutcd at room teinpcrarunc for 1 h. The plates were then washed six 
times. 100 Ml of avidin-phospliaia^e (1:500; PharMingcn) was added, and 
the mixture was incubated at room temperature for 30 niin, Following 
multiple finnl washings, the color was developed with />-nitrophertyl phos- 
phate (Sigma) as the s^ib^tr^te, and absorbance at 405 nni was measured 
uoing an ELIS A plate reader. The concemration of cytokines in the stunples 
was deiennined from the slitndard curve. 



Immunization of mice 

Female flALfl/c (H-2'') and C57BLy6 (H-2^) mice were obtained fonn the 
Labomtory Animal Facility, Institute of Biomedical Science?, Aeadcmia 
Sinicu, Ttiipci, Taiwan, All mice were immunized at 6 to 8 wk of age as 
describsd previously (33). In brief, groups of three to five mice were anes- 
thetized and ityeeted i,m. in the left hind thigh muscle with a mixture of 
100 Mg of pS and 100 ^g orpcDNA3, plL-2, pIL-4. pGM, pirN-x or 
plL-12. Mice immunized with 200 M^g ofpcDNA3 sct%'ed as negative con- 
trols. In some cxperimenia, mice were immunised wjih 100 ix% of pS irt the 
left diigh and 100 /xg of cach cytokine vectors or the control plasmid in the 
right thigh. For protein immunization controls* mice were given s.c. injec- 
tions in the base of the tail with 4 /xg of yeast-derived rHBiiAg (4l) in C^A 
(Life Tfechnologifes, Grand Island, NY). 



Ab assay 

Scrum samples were collected by tail bleeding at difFertmt times, beginning 
I, wk at^T iinniyniiuiiioii. and analyzed for ihe presence of HQsAg-spccific 
Abs. Micron tcr plates were coated with 5 /ng/ml of yeast-derived rHDsAg. 
After incubadon with 200 ^1 of 5% powdered milk in PBS on each well for 
I h to prevent nons-pecific binding, 50 p.1 of serial dilutions of tcir sera waK 
tiddcd to each well and incubated ovcmigh: at 4^C. After the samples were 
wEiahcd with P&S, bound proteins were detected with horseradish peroxi- 
dase -conjuert led fcoat anii-moiise IgM (J;2O00, Cappel-Oi'ganoa Teknika, 
Veedijk Belgium) or anti-mouse \%G (1:2000; Cftppcl). Color was gener- 
ated by adding 2,2'-a7ino-b)s(ethylbenzihio;;oline sulfonic acid), and ab- 
sorbance ai 492 nm was measured on an ELISA reader. For measurement 
ofl^jCI and IgG2a anii-HBs isoiypes. bioiiti-conjugaied rat atili-mouse 
IgGl (1:500, PharMingcn) and rat ami-mouse IgG2a (1:500, PharMingcn) 
were used as dcteciorii. Avidin-alkaline phosphalise (1 :1000, PharMingcn) 
was then added. Color was developed with the addition of /J-nitrophcnyl 
phosphate (Sigma), and absorbance at 405 om was measured. Concentra- 
tions of total IfiG anii-HBs Abs in serum samples were estimated from the 
standard Curve generated by u HBsAg-specific mAb (H2SB10. ATCC 
CRL*8017) und expressed as ^Ag/ml for IgG. Vot measurement of IgM, 
lyG 1 , tmd IgG2Q Abs, readings wer« referenced 10 n standard serum pooled 
from four mice given i.p. injections of 2 ;tg of rHBsAg wiih CFa and bled 
4 wk after immunization. The standard curves were generated using die 
pooled anti-HUs sera, und results were exprtsifed as lurbitniry units per 
milliliter (U/ml; 1 U ^' 50"/*. maximum OO). 
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flow cytometric analysis 

TTie populatiofvs of Splertocytts derived from immunized animals were an- 
alyzed by flow cyiomcler. Splenocyles v-erc suiined with PlTC-conjugatcd 
anti-mouse CD4 or anw-niousc CDSa, combined with phycocrythrin-con- 
jugatcd 9nti'Thy].2: a)l Abs were purchtised from PharMin^cn. Stained 
cells were analysed on ii TACSCallibur (Bccton Dickinson, Mountain 
View, CA). 

Assays- fof lymphocyte prolifiratian and cytokine secretion 

To dctcnninc whether HBsAg-specjfie lymphoprolifwaiivti i-eiiponses were 
induced in immunised aiinals» SpJeeiU were removed 2 wk after immuni- 
zeiion to make single-cell suspertsions. CD4" -depicted und CDS" -de- 
pleted immune splcnoeyics were prcp:ii'e<J by immimomiignetic depletion 
of CU4' and CDS' lymphocyic.?, rcspccnvcly, and replaced wiill the sajne 
number of puiificd QOA' or CD6^ ceJls isolated ffom naive mice. The 
immunomajnictic depletion or enrichment of CD4 ' and CDS ' lymplio^ 
eyte-s waft performed by a niagneiic activjitcd cell sorter (MACS; Millenyi 
Uicjtcc, Bergi^eh Ol3dbaeh, Germany), vsitig microbcads eonjuga:ed wiih 
rat anti-mouse CD4 and rat anii-mousc CD8 niAbs (MilicDvi Biotec). re- 
spectively^ aeeording to the manufActurer's in^iruetious, To perfoi'm the 
lymphoprolifcrativc as$ay, 100 ^1 of 2 X lO^/jnl unfrpefionated, CD4~- 
depleted, or CDS "-depleted splcnoeytes jn complete RPM) 10 were added 
to each well in 5'6-wcll fiai-botioni pi cites. Stimulaiod v^'clls received puri- 
fied rHBjAg at & conccoiratjon of 30. 10, Or 1 ju&/ml; transferrin (120 
^g/ml, Sigma) served as a negwive control A^; und Con A (5 ^i^mi, 
Sigma) as n positive miLogunic control. Control well? received eclU only. 
Cells in uU the wells were cultured in n total volume of 200 /il of medium- 
After 4 diiyi in culture, the cclU were pulsed with [^HJthymldinc (I ^Ci/ 
well) for I S h and harv'cstcd with FilterMate (Packard) and the incorpo- 
rtited rildioa:;tivity wus determined by TopCount (Packard). The simula- 
tion index was calculated as tlic mean cpm of the siiimilt\ted wells divided 
by the me^in cpm of ihc control wells. 

To measure c>iokiiic sccrciion, splciioc>ies were cuUured as described 
above with the same panel of Ags or miw^ert over die same mnge of 
conceiilrtiiiofts wivh the exception ihnt after 3 days in culture, cell-free 
supci.'rtilt3nt$ were harvested nnd usyiiycJ immcdititcly or stored at -fiO'^C. 
Thc.-ic supernatant were screened for \he presence of IFN-% IL-2, iind [L-4 
using ELISA detection systems as described in ihe previous section. 

Cyiotoxiciry assays 

fiAL6/c mice were immunized i.ni. with 100 fLg of pS and 100 /ig of each 
of the cytokine vectors or the comiol plasinid Spleens were removed 3 wk 
aft^r immiini^aiion to measure the CTL nctivity. CD4 '.depleted find 
CDS'" -depleted immune splenocytes were prepared as described in ihe 
previous seevion. Single-cell suspensions of unfraciionated CD4*^ -de- 
pleted or CDS "-depleted splenocytes were treuicd with 5 ml per spleen of 
ACK lysis butter (0.15 M NH^Cl, 1 mM laiCO^, 0.1 mM NajEDTA, pH 
7.2) for 5 min at room temperature vo remove RBC. HBsAg-expfessiiig 
P815 cells, a murine masiocyioma line (H-2'^, DBA/2 mice), and CT26 
cells, a mtinne colon cavcinoma (H-2'', BaLB/c mice), were genoraied by 
pecmar.cnt ti'snsfeciion with 20 m& of plasmid pS. selected forG418-re- 
sisioni clones, and screened for the ctpresuion of HBsAg by ELISA and 
jmmunn.ctaiiiing. One of the HB.sAg^otpressirtg clone ^l'Om cjcb tr^ris- 
feeied cell line wa.? selected ynd designaccd as Pei5/S and CT20/S, re- 
spectively. Topciibnr, die cytotoxic assay, rcspondcr splenocytes (4 x 10* 
per well) wore Hrsi simulated with irradiated (8000 rttd) P815/S or CT26/S 
iiansfeciacits (4 x lO'^ per well) in RPMl 10 and 20 U/ml human rIL.2 
(Gcnzyme Corp.. Cambridge. MA) in 24- well plates for 4 days ut 37*C. A 
chromium release Uisay was employed to measure the ability of in vitro- 
Ktimulatcd respondcr cells to lysc PS 15/5 and CT26/S as well an the non- 
traniifcctcd parental cells. Target cells (1 X lO^ in 0.1 ml RPM I 10) were 
labeled with 0. 1 mCi radiolabeled fitidium chromate (Amcriiham) in 0. 1 ml 
normal saline for 2 h at 37'*C. washed three timcti with RPMl lO, and 
rcsuipcndcd at a conccntrAtion of 5 X 10^ per ml in RPMl 10. A threefold 
serial dilution of 100 Of Stimulated rwpondor splenocyics (aiiiriing from 
5 X 10-*' ccHh) was added to individual wcllti contuining lOO /xl of labeled 
tarijet cells (5000 cells), [n some cAperimentii, the nnti-CD4 mAb (OKI. 5, 
ATCC TTB.207) or anti-CD8 mAb (53-6.72. ATCC TJB-105) was added 
10 the Culture mediucn during the cytotoxic assay at a concentration of 10 
ftg/ml. After a incubation ac 37^C, 100 pi of culmrc gupernata/it was 
collccfcd for gnn^ina radiation counnng, The |)crccnt specific lysis was 
calculated as [(experimental release - spontaneous rc lease) ]/(total re- 
lease - spontaneous release)] X 100. Spontaneous release represents the 
amount of radioactivity released ftxxn target cells wiUioui the add idon of 
effector cells. Total release represents the amount of radioactiviiy released 
following lysis of target celli after the addition of Triton X-lOO to 1.0%, 



-ATTON OF IMMUNE RESPONSES TO HBV DNA VACCINES 
In vivo tumor proieciion 

Three wcoiks after injection of plaaraid pS and various cytokine gcn«S, 
individual groups of mice were challenged s.e. in the left lutcml flank with 
1X10^ CT20 eeUs or die HBsAe gene-lransfected CT26/S cells. Tumor 
growth was measured evci>' second or third diiy. 

Results 

Construction and expression of cytokine vectors 

The presence of certain cytokines during antigenic stimulation ha$ 
been shown to be of decisive importance in directing the devel- 
opment of naive CD4'*" cells into Thl or Th2 eOectors and thus 
may delertnine the outeomc of many infectious and autoimmune 
diseases. DNA vaccination is a recently developed v^iecinc tech- 
nology and has been reported as able to induce humoral ai^d cel- 
lular immunities in many different disease models. To study 
whether the phcnotypo of immiuie responses to a DNA vaccine can 
be altered by cytokines, a previously described plasmid vector pS 
(33), which encodes HBsAg, was ti^ed as a model system. Since 
IochI expression of cytokines at the site of immune interaction is 
important to mediate its function, we hypothesized thai codelivery 
of a cytokine vector with the HBV DNA vaccine might achieve 
this purpose. The cyiokitie-producing vectors pIL-2, pIL-4, pGM, 
pIFN-7, and pIL-12 encodini; murine IL-2, IL-4, GM-CSF, 
and IL-12j respectively, were consirueied ay described in Maieri' 
als and Methods. To test whether the various cytokine vecLOrtj can 
produce biologically active cytokines, mouse C2C12 myoblasts 
were transiently iransfeeted with each of the vectors. Two days 
after transfection, the amount of cytokines present in the culture 
supernatant was analyzed by ELISA (for IFN-7) or proliferation 
assays using appropriate responsive cells (HT-2 celts for lL-2 and 
lL-4; NFS'60 cells for GM-CSF and mitogen-activaicd lympho- 
blasi for IL-12). Plasmids pIL-2, pIL-4. pGlM, plFN-y, and pIL'I2 
produced 45.8 ± 4,8, 77.6 ± 6.8, 48.4 ± 6.5, 11.3 ± 0.3, and 
17.6 ±5.3 ng/ml of cytokine proteins, respectively, each with its 
particular biologic activity. 

Cod&Uvi^fy of cytokine vectors enhances T cell proliferative 
responjies /o pS DNA vaccination 

The enhancing eifect of various cytokines On T cells was then 
examined. Groups of C57BL/6 mice were given i.m. injections of 
pS alone, or a mixture of pS plus a cytokine vector or the parental 
vector pcDNA3. Mice that received pcDNA3 served as negative 
controls. Mice immtmizcd with rHBsAg were also included as 
protein immuni;!:ation controls. At 2 wk after immunization, 
splenocytes were examined for proliferation in response 10 specific 
stimulation. Both plasmid DNA and rHBsAg immunization 
elicited significant proliferative responses over a range of concen- 
trations (1-30 fig/ml; Table I). Coinjeciion of plasmids expressing 
IL-2, GM-CSF, IFN-y, or IL-12 with pS enhanced the cellular 
proliferation by two- to threefold, while plasmid encoding IL-4 
gave a less significant increase in the proliferative response (Tabic 
1). The enhancement in cellular proliferation by cytokine vecloi^ 
cannot be attributed simply to the intrinsic adjuvant eflfcct of plas- 
mid DNA as previously reported (42), since splenic lymphocytes 
derived from mice inoculated with pS plus pcDNA3 proliferated at 
similar levels as tho;>e immunized with pS alone. Mice vaccinated 
with the control pcDNA3 vector did not respond to HBsAg, and all 
mice failed to respond to transferrin included as a control Ag, 
indicating thai the observed T cell proliferation was HBsAg spe- 
cific. We also found that the adjuvant effect conveyed by the cy- 
tokine vector was only observed when the DNA vaccine was coin- 
jected with the cytokine vector. Mice immunized with pS on the 
left thigh and cytokine cDNA vectors on the right thigh did not 
enhance the HBsAg-spccific proliferative response (data not 
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Tabic I. Effect ofcOQxpmslOn of various cyiokine^- on HBsA^-ipecific T cell responses induced by the HBV DNA vaccine 









T cell Siiniulslifln Indsx 


with $iiTnul jTii^'' 










IJOsAg 








Dose 








TrDnst'enin 




30 ^g/ml 


10 ^g/ml 


\ juig/m) 






4 


13.6 re 0.4 


10.0 ± IJ 


4,1 :t0.2 


0.6 ±0 


pcDNA3 


200 


1.2 2:0 


1-4 ±0 


1.1 ±0 


1.2 ±0 


pS 


100 


7.4 = 0.4 


4.5 ± 0.7 


2.2 m 0.5 


1.7 ± 0.4 


pS + pcDNA3 


100 + JOO 


8.8 = 0.4 


5.3 ± 0.2 


2.4 Z 0.3 


1-1 ±0 


pS -r pJL-2 


100 + 100 


18.6= J.J 


12.3 ± 0.4 


A.2 X 0.3 


1.2 ±0 


pS + plL'4 


100 + 100 


12.2 3: J.4 


6.3 ± 0.7 


3.1 3 0.4 


0.9 ±0 


pS + pGM 


100 + 100 


16.7 ± 0,6 


9.7 0.5 


3.9 3 0-2 


1.0 ± 0 


pS + pIFN-y 


100 + 100 


20-6 ::: 2.9 


12.1 = 2.4 


5.2 ± 0.3 


0.7:i;0 


pS + piL-12 


100 + 100 


25.5 = 2.5 


15.0 £ 2.1 


4.2 ± 0.3 


1.2 rO 



" C57BL/6 mice wtrd givisii i.m. injection^ of 100 uij of pS or a niixtvrc of 100 of pS plus 100 fig of oliher die partiiid ve<;iDr (ptDNAS) or one of the different cyiokina 
vectors. Mice receiving 20f) jifi of pclJNA3 ^-cn'iid n«((;iiiv!> controls. Mice injccled a,c. from ihc (ail base with ^ of rHBsAK \t\ CFA served as protein conlrols. Al 2 wk 
ftftcr immituizarioD, splcnocytcs pooled from ihreo irtimurtliiod mie* were u^ed in prglifcrdUon nssnys. 

V:ihi«s lire from on< representative cxpcrinicm of three pcrfornud aiid are (iresdmud as the mem .Mirnulaiion index for iripUcare wells SD. 



shown), indicating that the presence of cytokines ai the site of 
immune interaction was important for this enhancement. 

the splenic lymphocyte populations of immunized animals 
were evaluated by flow cytometric analysis. Codelivery of CytO' 
kinc genes did not change the proportions of CD4^ and CDS"*" Th 
cells in the plasmid DNA- vaccinated anim;ils. The frequcney of 
CD4''' lymphyuyLes in micc coinjeca'd with pS and pIL-2, pIL-4, 
pGM, pIFN-7, Of prL-12 was 32.7, 31,9, 31.1, 27.9, and 33.6%, 
respec'Lively, which was comparable with that from mice immu- 
nized with pS pics pcDNA3 (30.SV«) or pcDNA3 alonc (30.9%). 
The frequency of CD8^ lymphocytes was also similar among 
groups of mice injected with or without cytokine vectors! 13.3% 
(pS + plL-2), 14.2% (pS + pIL-4). 11.7% (pS + pGM), 12.0% 
(pS -f plFN-7), and 13.6% (pS + pit- 1 2) vs 11.0% (pS + 
pcDNA3) and 12.7% (pcDNA3). To determine which lymphocyte 
population was rc^ponjsivc to HBsAg, spleen cells showing pro- 
liferative responses were further lesied by immunomagnctic de- 
pletion of 004"*" or CDb!"'* lymphocytes. In all immunized groups, 
depletion of CD4^ cells significantly decreased the HBsAg-spe- 
cific proliferative response, wherea.s depletion of COS' cells had 
Jittic ctTect on this response (Fig. 1), indicating that the bulk of the 
proliferative responses could be accounted for by CD4 " celh. 




sUmulAton Index 



fiC UR£ 1. HlisAg-apccific proliferative rcspomw-s arc mediated by 
CD4^ Th cells, Aniawls were treflted as described in tho legend to Table 
I. The preparatitjn t>f CD4" -depleted und COS"-dcplctcd splcnocytci ia- 
dc tailed in MatvHaU and Methods. Values arc presented as the mean stim- 
ulation index for iriplicaw wells ± SD. 



77iff magnitude of Ab responses to HBV ONA vaccination is 
altered by Qodeliv^ry of various cytokine genes 

To establish whether the humoral responses to the HBV DNA 
vaccine can be aflected by simultaneous expression of cytokine 
genes, groups of five mice were given i.m. injections of a mixture 
of pS and various cytokine vectors. Mice receiving 4 peg of rHB- 
sA^' were also included as a comparison. Serum from each mouse 
was obtained at week 4 and week 8 following DNA or protein 
injection for analysis oflgM and IgG anti-HBs Ab responses, re- 
spectively. As shown in Figure 2, both plasm id pS and iHBsAg 
elicited significant titers of HBsAg-specilic ^e^^ and IgG Abs, 
Coinjeetion of IL-2, IL-4, GM-CSf , IL*12, or IFN-7 genes with 
pS 3II resulted in much stronger IgM anti-HBs Ab compared with 
mice receiving pS plus the parental vector (Fig. 2A). The IgG 
anti-HBs Ab were enhanced iwo- to threefold in mice that hgd 
received pS together with pIL'2. pIL'4, pGM, or pIL-12 compared 
with those immunized with pS plus the parental vector (Fig. 25). 
In contrastj we found that mice given injections ofplasmids pS and 
pIFN-y showed decreased IgG anti-HBs titers compared with the 
control mice. We also performed kinetic studies on the DNA vac- 
cine-induced humoral responses and found that the adjuvant effect 
conveyed by die cytokine vector was observed only at the early 
time intervals, from week 4 through 20. afief ONA irtmiunization 
(data novv shown). The influence was subsequently decreased, and 
by week 35, the difference in anti-HBs titers between groups im- 
muniiied with and without cytokine coexpression became negligi- 
ble. Mice that were given injections of pS and the cytokine vector 
on different thighs showed no alterations in tlie anti-HBs Ab titers 
(data not shown), indicating the importance of eolocalization of 
cytokines with Ag to exen their adjuvant effects. 

Piffermiation ofCD4" Th cell info Th} or Th2 phcnotype can 
be alievcd by codeiivery of various cytokine vectors 

U is known thut the subsets of Th cells can be distinguished by the 
pattern of cytokines that they produce. ThJ cells produce TFN-7 
and IL-2, and Th2 cells produce IL-4, IL-5, IL-IO, and IL-13 (27, 
43-45). To study the effect of cytokine coexpression on the de- 
velopment of Th cells induced by DNA vaccination, cylokines 
profiles released from HBsAg-scimuJated splenoc>tes were com- 
pared among groups of mice immunized with pS with or without 
cytokine gene coinjeetion. Spleen cells from animals immunised 
with plasmid pS plus pcDNA3 or rHBsAg produced both ThI 
aFN-% IL-2) and Th2 (IL-4) cytokines (Fig, 3). Coexpression of 
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A. IgM B. IgG 




*nt(.HBs/Vg (UAnl) antl-HBsAg (\i^tn\) 

FlCURE 2. Ettcci of coinoculation with plasm j<Js expressing various Cytokiaes On HBsAg-spccific Ab responses. Croups of five C57BL/6 mice were 
given i.ni. injcctionij ofa mijicurc of 100 fig of pS phis J 00 /ig of various cytokine vcctorn or the control vector pcDNA3. Forproieift imrtiunizalian Controls, 
mice were injected s.c. with 4 fxg ofrHBiiAg in CPA. Sdni were collected at week 4 and 51 followiug vaecinatioft for analysis of IgM and IgG anti-HBs 
Ab, respectivdy. The i^mounlii of IgM and IgG anii-HBs Ab5 were iiiC35Urcd from swndafd Curves generated from the respective serially diluted COn«oi 
Abs and expressed as U/ml and /i.g/inl, rc^jpcctivoly. The dauv aro presented as menn ± SD for five animala per lima point Froii^ Otrn fCprtJsent'jtivc 
cxperimcni of three performed, 



IL-i2 or IFN-y with the HBV DNA vaccine resulted in a signif- 
icant increase in Thl cytokine production (Fig. 3, A and B): IFN-7 
levels were increased six- 10 seveDfold. and lL-2 levels were in- 
creased about fivefold. This was accompanied with a complete 
shutofF of TL-4 produclion (Fig. 3C). In contrast, cells from mice 
coimmunix.ed with pS and pIL-4 produced much more IL-4 and 
much less IL-2 and [FN- 7 as compared with cdU from tbQ control 
mice, indicating a bias toward the Th2 immunity. Coinjeciion of 
plaamids pTL-2 or pGM enhanced development of T cells that 
produce IL-2 and IFN-7 in response 10 challenj^c with a specific 
Ag. while cells that produce lL-4 were not significantly alfecred. 
Thejie results indicate thai the specific Th cell populations induced 
by a DNA vaccine can be gliersd by local expression of cytokines. 
Coexpression of JL-1 2 or IFN-7 promotes Thl and down-regulate$ 
Th2 development, coexpression of IL-4 promotes Th2 and down- 
rcgulales Thl development, and coexpression of IL-2 or GM-CSF 
largely enhance Thl development and to a lesser extent Th2 
development. 

IgG isofypes to HBV DNA vaccination can be modulated by 

coinjection of various CytQk'im^ g^n^S 

The patterns of Ab isoiypes produced in response to immunj:^aiiOTi 
are reliable indicators of the types of cytokines produced in vivo. 
IgG2a is produc<:d as H consequence of Thl cell activation and 
IFN-7 secretion, whereas IL-4 enhances ihe production of TgCl 
and suppresses IgG 2a (46, 47). We therefore measured anIt-HBs 
]gG i&otypcs in the sera of mice treated with pS and the plasmid 
encoding various cytokine^ at week S aAer immunizaLion, the time 
point at which peak Ab titers vvere achieved in vaccinated animals. 
As shovvn in Figure 4, coexpression of IL-12 or IFN-y resulted in 
a dramatic increase of anli-HDy I^G2a Abs, wherciis liters of HB- 
sAg-specific IgGl Ab were decreased, indicating enhanccmenl of 
Thl and suppression of Th2 cell function in immxinixed animals. In 
contrast, mice treated with plasmids pS and plL-4 showed an in- 
hibition of anti-HBs IgG2a Ab. while the production of IgGl Ab 
was increased, indicating suppression of Thl and promotion of 
Th2 cell function in vivo. Animals coinjected with plasmids en- 
codint; TL-2 or GM-CSF showed a significant, five- to ficvenfold, 
increase of anti-HBs IgG2a Ab, and a much lower increase of IgGl 
Ab, indicating enhancement of Thl cell function but no significant 




100 200 300 400 500 
conccntrfttion (pg/ml) 



GOO 



FIGURE 3- Effect of codelivcry of various cytokine vectors on HBsAg- 
spocific Thl(Th2 development in immunized animals. Animals were 
ireaiecl as described in the legend to Table I. Ai 2 wk after immunization, 
pooled splcnocytca from each ^oup were stimulaied with 30 fi^ml of 
HBsAg. Culture supcmatanls obtained ^ days after stimulation were col- 
lected for quanlitarion of IFN-7, lL-2, and lL-4 by ELlSA. 
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FIGURE 4. Effect of codeliveiy of viiriouS tylokinc 
vectors on T|i|G i$0typesi orutlii-HBi; Ab. Animali; were 
trwtcO AS described in ihe legend to Figure 2. Sera 
collcci^fd $ wk uAcr immunization were used to sssay 
for the prtiscnuc of IgGl and IgG2a anti-HBs Abs. 
Conccntraiions oflgCil and ]gG2& &nq-Hes Abs were 
mcas'jred from t\ standard curve eenemled from a se- 
rial ty diluted control Ab smd expressed as U/ml. Data 
I'Cpi'eneni ihc mean tilcrii ± SD of five animala per time 
poinr from one rcprescnistivi; cxperiniertt of three 
performed. 
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pS + plfN-y 
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pS + pIL-4 
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chaiit;e in Th2 cells, Wc 'dho analyzed scrum samples from mice 
given injections of pS and the cytokine vectors at diJTeKJat thighs 
and found that the levels of IgGl to IgGZa isotypes were not al- 
tered (data nor shown). 

CTl activifies induced by HBVDNA vaccinahon are affected by 
codelivety of cytokine ^(?ficy 

Ic is well known that cclIuiJir immunity is highly dependent upon 
[he types oJ' cycokines produced by Th cells. Thus, wc tested 
whether che CTL activity induced by HBV DNA vaccine was in- 
fluenced by coex press ion of cytokines. Spfenocylcs from mice 
vaccinated with plasmids pS wtrh or witliout a cytokine vector and 
restimtilated in vitro were analysed for their ability lo lysc synge- 
neic cells expressing a transfccted HBsAg gene (P815/S)- Coin- 
jection of pIL-2, pGM, pIFN-'y, or prL-12 augmented HBsAg- 
spccific CTL activity, in which enhancement by pIFN-'y OTpIL-12 
was consistently greater than that mediaied by plL-2 or pGM (Fig. 
5A). In contrast, coinjection of pIL'4 substantially decreased the 
CTL activity as compared wiih that induced by pS without cyto- 
kine COCKprcssion (Fig. 5A). The CTL activity was HBsAg spe- 
cific, since mice immuni^^ed with pcDNA3 alone did not induce 
any detectable HBsAg-speciflc lysis and no CTL activity wag ob- 
served in any of the groups of mice when paremal P815 cell$ were 
u^ed as target cells (data not shown). The eflector cells that lysed 
HBsAg-e.\pressing transfcctants in vitro were climinared by de- 
pletion of CDS"^ lymphocytes but not by depletion of CD4^ lym- 
phocytes (Fig, 5A). The different cytokine effect on the HBV DNA 
vaccine-induced C^L activity was further confirmed by assays us- 
ing another HBsAg-transfcetcd Urgct cells, CT26/s/which pro- 
duced inore HBsAg than P815/$ and vvas found to be more sen- 
sitive to [he CTL assay. As shown in Figure 55, HBsAg-specific 
eytolysis was enhanced by coinjection of the lL-12 gene but sup- 
pressed by the TL-4 gene (Fig. 55). Thi& cytolytic activity was 
blocked by an anti-CD8 m^^b but not by an anii-CD4 mAb (Fig. 
5B). Taken together, these results indicate that the CTL activity 
primed by a HBV DNA vaccine in vivo is mediated by cells op- 
pressing CD4~CD3"^ surface phenotype and the CTL activity can 
be enhanced or suppressed depending on the cytokine gene 
eocjtprcsscd. 

Ifi vivo lumor immunity induced by HBV DNA vaccinaiion is 
enhanCiid by coinjcclion IL-J2 gene but suppressed by 
coinjection of IL-4 gene 

To determine the effect of phenotype ehtingc:* of immune re- 
sponses on protective efficacy in vivo, the ability of the pS DNA 
vaccine in cornbinalion with IL-12 Or IL-4 gene to imrriunoprotect 
against transplantation of syngeneic HBsAg-transfecied mmor 
cells was examined. Groups of three to five mice were vaccinated 
once with 100 ixg of pS plus 100 ^xg of pcDNA3 or vectors en- 
coding IL-4 or IL-12. Mice that received pcDNA3 alone served as 



a negative control group. Three weeks after vaccination, ail mice 
were inoculated with I X 10^ HBsAg-expressing CT26/S or the 
p&rental CT26 tumor cells. All mice that received pcDNA3 and 
hence were not immune to HBsAg developed rapidly growing 
CT26 or CT26/S tuinors within 2 wk after transplantation (Fig, 6, 



pS '►pll^l2 



j>S + pIFN-Y 
pS + pGM 
pS + pTL-4 
pS + pTL-2 



P8 J 5/S 
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FIGURE 5. Effect of codelivery of various cytokine vectors on HDsAg- 
spccific CTL activities, Croups of BAiJ3/c mice were treated with plagmid 
pS plus a cytokine vector or a control vector as described in the legend to 
Table 1. Three weeks after immunization, spJcnocytcs were collected, 
cocuiturcd for * day^i with in-adiaxd P6t5/S transfcctants, and used as 
effectors in the CTL assay. A, The specific cytolytic reactivity of unfrac- 
tiotiaied. CD4 "-depleted, or CDS "-depleted enectoni was tested on P815/S 
cells. By The Cytolytic reactivity of unfractionaled effectors v^fus tested on 
CT26/S cells in the presence of 10 ^g/ml of anti-CD4 or anti-CD8 niAba. 
The E:T ratio iy 100:1 in all of these assays. Values of" specific lyitis arc 
from one representative experiment of three performed and arc prc5cnicd 
a5 mean specific Iygi,t of tripliwic cultures SO- 
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FIGURE 6. EfTect of codclivco' of various cytokine vectors on growth of CT26/S aocJ CT26 cells. BaLB/c m\tt wcrt immunized with: 200 /ig of 
uontrol phismid pcONA^ (A, E); KM) /ig of pS + 100 Mg of pcDNA3 {B, F); 100 tx^ Of pS + 100 of pIL-4 (C. G); or 100 jxg of pS + 100 /mg of 
plL-}2 (a H). Tlircc weeks after iinniunizuilion. 1 X JO^ CT26/S cells (A-D) Or 1 X 10' CT26 cells (£-N) wcrc transplanted S.C itiw all rtiics. Growth 
of the tumor was n^s*asui*ecl evci*y second or thirtl duy. The tumor volume from each animEil at various time intervals after if^iispkmlaiion is plotted. 



A and E). Four of five mice imTnuni?;cU with p$ + pcDNAS and 
challcngud with CT26/S showed an inhibition of tumor growth 
(Fi£. 65). The protective eflicacy was dramatically increased when 
ihe IL-12 gene was comjecied with plasmid pS; tumor grovvth was 
significantly suppressed, and two of five mice remained tumor free 
up to 60 days following tumor challenge (Fig. 6D). The tumor 
iramuuity is HBsAg specific, since mice immunized with pS + 
pcDNA3 (Fig, 6F) or pS + pIL-12 (Fig. 6h) and cliailenged with 
ihc parental CT26 ctlh showed liltlc protection. In contrast, vac- 
cination with pS piL-4 0 tiered liille if any pitUection against 
CT26/S (Fig. 6C) or CT26 (Fig. 6G) challenge. These results dem- 
onstrate that the differance in phenolype of immune responses 
stimulated by DNA vaccination under inflaence oC various Cyto- 
kines has a significant effect on protective efficacy against tumor 
challenfjc. 

Discussion 

Recombinant genes in the form of a plasmid expression vector can 
be simply injected and expressed in animal muscle (48, 49). Plas- 
mids have been found to persist episomally in muscle ceils, and 
gcoc e^p^css^on in the skeletal muscle can bo detected for up to 19 
mo aflcr injection (50). The injected DNA enter muscle cells 
through stfuctui'es called T tuhules and caveolae (51), and its nu- 
clear transport likely occurs through the nticlear pore by a process 
common to large karyophilic proteins and RNA (52). Based on this 
technique, DNA vaccines xvith DNA instead of pi-oceins in the 
vaccine formulation have been developed. Plasmid vectors con- 
taining Hpproprialc target genc$ have been $h0wn 10 induce hu- 
moral and cellular immune responses and protective efficacy in 
iinimal models of a variety of infectious diseases (4-13), cancers 
(16-21 ) as well as allergic (22-24) and autoimmune diseases (25). 
Compared with conventional protein-based \'accines, persistent ex- 
pression of the encoded Ag by DNA vaccines vvould be expected 
to produce long-lived immunity. Indeed, mice that received a sin- 
gle injection of plasmid encoding HBsAg (53), influenza viruii 
nucleoprotcin (54), or hemagglutinin (55) htivc developed high 
levels of specific Ab that arc persisted for at least 1 yr without 
significant reduction in titers. No evidence of insertional mutagen- 



esis (56) or aucoimmmie responses, even in lupus-prone mice (57), 
can be xniatH after plasmid inoculation. However, neonatal immu- 
nisation with DNA vaccines has been reported to induce tolerance 
rather than immunity (58). 

Although the genetic vaccination approach has been applied to 
the development of DNA vaccines against many diHerent patho^ 
gens, the efficacy of diiferent DNA vaccines has varied widely. 
Some DNA vaccines are incapable of inducing specific immune 
responses even after several inoculations of large amounts of plas- 
mid DNA (7, 43 » 44). Thus, improvement of vaccine eiScacy has 
become a critical issue for the acceptance of DNA vaccines as a 
standard vaccination technolog>'. One explanation for the subop- 
timal immune responses induced by some DNA vaccines may be 
related to the cellular location of the encoded Ag. Indeed, it was 
found that the effectiveness of genenc immimization with a mini- 
gene coding for single epitopes was significantly cnlianced if the 
epitope sequence was fused in frame with the adenovirus E3 leader 
sequence to target the epitope to the endoplasmic reticulum (59). 
Targeting of viral Ag for rapid cytoplasmic degradation was also 
reported to enhance de novo CTL responses in vivo (60). In con- 
trast, it was reported that plasm ids encoding a cytoplasmic/mem- 
brane or a secreted fonn of Ag have little effect on the ability of the 
plasmids ;o elicit humoral and cellular immune responses (33, 61, 
62). Other approaches to enhtmcc the efficacy of DNA vaccines 
include fusion of the encoded Ag with a stronger immunogcn as a 
carrier (II), coexpression with B7-1/B7-2 accessory molecules 
(63, 64), or immunization with plasmid DNA-transfected dendritic 
cells (65). 

Our laboratory has sought lo promote and modulate immune 
responses to a DNA vaccine through codelivery of various cyto- 
kine genes. The rationale is based on our previous findings that a 
weak tumor Ag can be convened into a siTong immunogen when 
it is conjugated to CjM-CSF (39), IL-2, or IL-4 (38). Tt has also 
been reported thai cytokines such as IL-ip, IL-2, or TFN-7 were 
able to enhance specific immune responses when administered 
along with the Ag for prolonged periods (66, 67). More direct 
evidence that cytokines can influence the efficacy of DNA vacci- 
nation was shown by Irvine et al. (68). These authors demonstrated 
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that, in a mouse tumor model, when recombinant IL-2, lL-7, 
or IL-12 was added following administralicn of DNA encoding a 
lumor-associaicd Ag, tlie number of metastases wa^ ^i^ificantly 
reduced compared with that in mice treated widi DNA only. To 
avoid the poiential side effects associated wiih sysiemic adminiS' 
trtiiion of rttcombiniuit cytokines, we reason that direct injection of 
pUsmids containing an Ag and a cytokine geni may be &blc to 
achieve a sustained but low level of cytokines, vvhich are delivered 
to tissues in which immune interactions take place. Using ihis ap- 
proach, we have shown previously that plasmids coexpressing IL-2 
and HBsAg in the fusion or nonfusion eontcKt resulted in at least 
a lOO-fold increase in the ability of the plasmids to induce Ab and 
T cell proliferative responses to tTBsAg (33). In ibo present study, 
vve attempt to acconiplish local concentrations oC cytokines by an- 
other strategy, that is, coinjection of cytokine genes with the TOV 
DNA viwcinc. It was found tliai coinjection of the C'iM-CSF, lL-2, 
rL-12, or IFN-7 gene enhanced T cell proliferation by two- to 
threefold, vvhile coadministraiion of the IL-4 gene achieved only a 
slight increase in this response (Table I and Fig. I). Ab responses 
to the DNA \'accine were also a/fecied by cocxprcssion of cyto- 
kines. WliiJe GM-CSF. lL-2, IL-4, and lL-12 increased both IgM 
and Igfi anti-HBs tilers, IFN-y was unique in tliat it increased KgM 
but suppressed IgG Ab (fig. 2). We found that the adjuvant effect 
of the Cytokinc'cxpressing vectors was dependent upon coinjection 
with the plasmid encoding HBsAg; inoculation of the two plas- 
mids separately had no effect on the magnitude of specific immune 
responses, indicating thai colocalization of cytokines and Ags at 
the site of immune interaction was important for the observed cy- 
tokine adjuvant elTcet. It is noteworthy that the cytokine adjuvant 
effect is most significant within the first 2 to 5 mo following DNA 
vaccination and becomes negligible thereafter (data not shown), 
Suggesting that the trans fccted muscle cells may be eliminated by 
that lime. The enhancing etfeci of cytokine genes on immune re- 
sponses to DNA vaccines has also been reported in other studies. 
Tn a rabies virus mode), coinjection of plasmids encoding GM-CSF 
but not IFN-y enhanced immune responses to the DNA vaccine 
(69). Similarly, plasmids encoding an idiotypic Ag of B cell lym- 
phoma wiai its carboxyl-tentiina) end conjugated to GM-CSF or a 
nine-amtno acid peptide derived from \L-i fi were shown to induce 
enhanced Ab titers and to provide protective immunity against a 
subsequent lethal tumor challenge (19, 20). It has been reported 
recently that plasmid vectors containing an unmethylated CpG 
dinucleotide motif can elicit much stronger humoral and cellular 
responses to the encoded Ag than vectors that do not contain this 
sequence (42). The adjuvant effect of the cytokine vectors could be 
auributed to the presence of the CpG motif in the coding sequences 
.of cytokines instead of functioning through their biologic eflfccts. 
Our satdies provide evidence that rules out this possibility, since 
coinjection of the control plasmid pcDNA3, which was used to 
construct the Cytokine vectors, did not increase immune responses 
to die HBV DNA vaccine. Furthermore* none of the three potential 
immune-enhancing CpG motifs, i.e.. GACGTC. AGCGCT, and 
AACCTT, was present in the coding sequence of murine IL-2, 
lL-4, GM-CSF, IFN-y, or the IL-12 p40 genes. Among those 
tested, IL-1 2 p35 is the only gene containing One Such motif; how- 
ever, it is unlikely that this CpG motif by itself could make the 
immune phenoiype changes observed in the TL-12 
gene-injected mice. 

Development of the appropriate CD4'^ Th cell subset during an 
immune response is critical for eradication of infectious organ- 
isms. A functional consequence of Thl activation is the promotion 
of cell-mediated immune responses chaructcrizcd by expression of 
C-fixing and opsonizing Abs, such as lgG2a in the moitse, as well 
as macrophage and CTL activation (2S, 29). In contrast, Th2 cells 
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promote development of selected humoral immune responses, in^ 
eluding expression of IgG! and IgE (28, 29). The mechanisms 
directing the development of naive CD4 cells into Thl or Th2 
effectors include the presence of certain cytokines at the sire of 
primary Ag stimulation of naive cells, the effective concentration 
of Ag presented to T cells, and the nature of APC (70). Among 
these factors, the presence of local cytokines plays the most critical 
role in shaping the nature of immune responses. IL-4 is essential 
for priming Th2 cells (30), and IL-12 and IFN-7 strxjngly support 
the development of Thl cells (31, 32), Most of the above conclu- 
sions were obtained from in vitro studies of naive Th t;€lls stim- 
ulated with mitogen or Ag in the presence of various cytokines or 
from in vivo studies in which the e^ogcnous cytokines were ap- 
plied systoniatically, Codelivery of cytokine gcncs with the DNA 
vaccines can provide a Sustained but low level of cytokines to 
tissues of immune interactions and may thus represent a more ap- 
propriate model for gaining insight into the differentiation of naive 
Th cells during an immune response. Our studies confirm the im- 
portance of IL-12 and IFN-y for the development of Thl cells and 
IL-4 for Th2 ccDS- Immunization of the HBV DNA vaccine with 
plasmids encoding TL-12 or IFN-y produced T cells that make 
significant amounts Of TL-2 and IFN-y but no IL-4 in response to 
HBsAg (Fig. 3), indicating a shift toward Thl immunity. This 
observation is corroborated by the in vivo increase of HBsAg- 
specific IgG2a Ab (Fig. 45) and enhancement of CTL activity 
(Fig, 5, A and B). In comrasi, coexpressipn of IL-4 induced a shift 
toward the production of Th2 cytokine (Fig. 3C), which is further 
confirmed by the in vivo increase of specific IgGl production (Fig. 
4A) and decrease of 1602^ (Fig. 45) and CTL activity (Fig. 5, A 
and 3). Coexpression of IL-2 or GM-CSF with the HBV DNA 
vaccine favored the generation of Thl cells (Fig. 3, A and B): 
however, the Tli2 cell response was less aflected (Fig. 3C). This 
effect was accompanied by an enhanced production of both IgGl 
(Fig. AA) and IgG2a (Fig. 4B) isotypes as well as by CTL activity 
(Fig. 5A). We found that there was a strong correlation of CTL 
activity in immunized animals with proteetive efficacy against syn- 
geneic HBsAg-transfected mmor cells. Mice that received a mix- 
ture of the HBV DNA vaccine and the control vector showed an 
inhibition of timior growth (Fig. 65). The protective efficacy was 
dramatically increased when the DNA vaccine was coinjcclcd with 
tJie IL-12 gene, which helps elicit the strongest CTL activity 
among various cytokine genes tested. In contrast, vaccination with 
the DNA vaccine in the presence of the IL-4 gene, which favored 
Th2 response and suppressed CTL activity, abolished the protec- 
tive immunity (Fig. 6C). Tliese results indicate that, by codeliv- 
ering DNAs encoding Ag and specific cytokines, it is possible to 
regulate the quantitative and qualitative nature of an inmiune re- 
sponse to make ii more effective in dealing with pathogens. We 
also found thai the in vitro CTL activity of the immuni?;ed splcno- 
cytes is specific for HBsAg and can be removed by depletion of 
CD8"^ cells (Fig. 5^) or by addition of an anti-CD3 mAb (Fig. 5^) 
in the culture medium, but not by depletion of CD4'^ cells or by 
the CD4'Spccific mAb, indicating that the CTL activity is mediated 
by CDS" lymphocytes. It was demonstrated that the CTL gener- 
ated by HBsAg DNA immunization is restricted by class I MHC 
and the L'^-rcstrictcd S28-39 epitope is the only CTL epitope of 
HBsAg in H-2*^ BALB/e mice (71). Similar findings on the regu- 
lation of Thl vs Th2 populations by the IL-2, IL-4j or GM-CSF 
gene in the immune response to a hepatitis C virus DNA vaccine 
has also been reported previously (72). In another study, Kim et al. 
have shown that codelivery of the JL-12 gene along with DNA 
vaccine formulations for HIV-1 Ag resulted in the reduction of 
specific Ab response, whereas the T cell-proHferativc reaction and 
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CTL activity were increased (73). Ii is noteworthy ihai coexprcs- 
sioii of ibe lL-i2 gene with the HIV-l DNA vaccine caiused 
splenomegaly and increased ihe number of while blood cells in the 
immunized spleen, a phenomenon also reported by in vivo admin- 
ifiiraiion of rlL-12 (74-76). In our study, we found ihai codeliverj' 
of ihe TL-12 ^cnc, as well as the other cytokine genes tesiedj did 
not lead to enlafgement of the spleen (data not shown) or changes 
of frequency of CD4''' and CDS''* cells in ihe spleen. 'V\Tiat caused 
the discrepancy between tliese two studies is not clear, but it may 
be due lo ihe amount of IL'12 produced by the diflerent lL-12 
vectors. 

HBV ib one of several viruses thai can persist after primary 
infection in humans, subsequently causing chronic necroinflam- 
matory liver disease and hepatocellular carcinoma. The Cuntnlly 
used therapeutic approaches to eliminating the virus and icmiinat' 
ing chronic infections have not been very success/ ul. It is widely 
acknowledged that, in hiunans, T cells play a critical role in clear- 
ing HBV infeciions and in inducing liver lesions associated with 
persistent HBV infections (77). Therefore, the idea of vaccinating 
HBV chronic carriers to control viral infections is challenged 
mainly due to a concern of possible massive liver damage irtedi- 
ated by immune cells. Hovvcvcr^ a recent repon has shown that 
adoptively irilnsrerred HBsAg-spccific CTL can abolish HBV gene 
expression and replication in HBV transgenic mice by secreting 
IFN-7 and TNt'-a (78). Most importantly, these cytokines perform 
their antiviral activity mainly by a noncytopatliic process- These 
results raise the possibility that chronic HBV infection may be 
controlled by induction of appropriate T cell subsets, vvliich can 
produce the ihcrapeuiic cytokine.s. Indeed, using a similiir trans- 
genic model, it wfis reported that T cell-raediHtcd immunity in- 
duced by a HBV DNA vaccine resulted in the complete clearance 
of circulaling HB&Ag and in ihc long-term eonti-oi of transgene 
expression in hepatocytes (79). Aguin, no deiednble cytopalhic 
effect was found to accompany this therapeutic response. HBV 
DNA vaccine has also been shown to inditce high tilers of ami- 
HBs Ab in chimpanzees (80), indicating its potential ftpplication in 
human tniils. According to the studies and data presented here, wc 
believe chat ihe use of DNA vaccines in combination wi\h an ap- 
propriate cytokine gene to regulate the phenotype of immune re- 
sponses may provide an effective treatment for chrome HBV 
infections. 
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